solution and microbial biomass C, N, and P pools and gross N mineralization immediately after a thaw incubation (-10 to 2°C) lasting 6 days. Vegetation leachate varied strongly by ecosystem in C, N, and P quantity and stoichiometry. Regardless, all vegetated ecosystems responded to leachate additions at thaw with an increase in the microbial biomass phosphate flush and an increase in soil solution carbon and nitrogen, implying a selective microbial uptake of phosphate from plant and litter leachate at thaw. This response to leachate additions was absent in recently disturbed, exposed mineral soil but otherwise did not differ between disturbed and undisturbed ecosystems. The selective uptake of P by microbes implies either thaw microbial P limitation or thaw microbial P uptake opportunism, and that spring thaw is an important time for P retention in several Arctic ecosystems.
INTRODUCTION
During spring thaw in the Arctic, litter and vegetation is leached by the melting snowpack (Wickland and others 2012) . It is usually assumed that because soils are still frozen that most of this leachate is flushed laterally into streams and lakes, where the leachate provides an important nutrient subsidy (Michaelson and others 1998; Amon and others 2012) . However, although mineral soil remains frozen during this early spring snowmelt, the soil surface organic layer thaws enough to allow the leachate to percolate (Hinzman and others 1991) ; the nutrients may be taken up and metabolized by microorganisms in this zone (Qualls and others 2002; Cleveland and others 2004) . These leachate inputs occur at a time associated with wide swings in microbial biomass and activity-such as a burst of soil organic matter mineralization, a crash in microbial biomass, and accelerated community turnover (Schimel and Clein 1996; Edwards and others 2006; Buckeridge and others 2013) . It is unclear how important the flush of plant and litter leachates are to fueling microbial processes during the rapid and intense spring thaw in Arctic ecosystems.
There are two alternate hypotheses for how leachate may affect microbial processes in the surface soil at thaw. The first is that the dissolved organic C in leachate provides a pulse of high-quality resources that fuels activity of resource-limited microbes, as it does in incubations of boreal vegetation leachate without soil (Wickland and others 2007) , when leachate is added to summer alpine soils (Cleveland and others 2004) , or during the spring freshet in Arctic aquatic ecosystems (Crump and others 2003; Judd and others 2006; Balcarczyk and others 2009) where terrestrial plant C dominates snowmelt inputs (Amon and others 2012) . This hypothesis is consistent with tundra ecosystems being strongly nutrient-limited (Shaver and Chapin 1980; Sistla and others 2012) ; additions of C, N, and P alter aboveground community composition (Hobbie and others 2005) , belowground community composition (Clemmensen and others 2006; Deslippe and others 2011) , and ecosystem C, N, and P storage (Jonasson and others 1996; Mack and others 2004) . Alternatively, leachate may represent a small enough proportion of the total amount of labile material mobilized at soil thaw that it may be effectively irrelevant as a fuel for soil microbes enduring the environmental stress of thaw. Northern vegetation leachate DOC appears to range in biodegradability, with deciduous shrub leaves and mosses having a greater proportion of readily mineralizable DOC than the more common evergreen leaves and stems and deciduous shrub stems (Wickland and others 2007) . In addition, thaw leachate additions occur when soils are frozen, albeit at temperatures that allow reduced microbial activity (-2 to 0°C; McMahon and others 2009), and already replete with autochthonous soil solution thaw nutrients (Judd and Kling 2002; Buckeridge and Grogan 2010) . These alternate hypotheses represent, of course, end points of a spectrum of effects rather than being discrete alternatives. Distinguishing which pattern holds true, or rather where along the spectrum of possibilities, is important to understand the factors that drive the abrupt pulse of microbial activity that occurs at thaw.
The quality of leachates as microbial substrates is controlled by the chemical composition of the vegetation (Cleveland and others 2004; Wickland and others 2007) . Arctic landscapes contain a juxtaposition of different ecosystem types, each with its own patterns of vegetation productivity, nutrient content (Giblin and others 1991; Shaver and Chapin 1991) , and DOC quality and concentration (Armstrong and others 2012) . As the spring thaw is a critical time for nutrient release in arctic ecosystems, the interaction of fresh plant leachates with the extant soil microbial community provides a possible driver that could either stimulate mineralization of remaining native organic matter (priming), or could serve as a substrate for growth and so immobilize nutrients that might otherwise be lost.
Arctic ecosystems also vary in their disturbance history. A common disturbance in the Arctic results from permafrost thaw; on slopes, melting at the top of the permafrost layer can allow the thawed soil to detach and slump downslope, exposing fresh material which can then continue to thaw-these thermo-erosional features are known as retrogressive thaw slumps, or more commonly, thermokarsts-and are common in northern Alaska (Bowden and others 2008; Gooseff and others 2009) and western Canada (Lantz and Kokelj 2008) . Landscape succession after thermokarst is characterized by rapid initial (50 years) plant growth on the denuded mineral soil, which only accumulates a new organic horizon slowly (Pizano and others 2014) . The rapid regrowth early in recovery requires a large supply of nutrients. Arctic ecosystems are strongly dependent on the recycling of nutrients from organic matter (Chapin and Bloom 1976) , so it is unclear where those nutrients come from in this bare soil, and what processes regulate nutrient mineralization through the recovery of these thermokarst systems (Vitousek and Reiners 1975; Rastetter and others 2013) . Spring thaw vegetation leachates are a potential source of nutrients, and this allochthonous (upslope) source may be particularly important in early, low organic matter stages of ecosystem recovery.
We evaluated the effects of fresh plant leachates on soil microbial processes in Alaskan tundra systems that were undisturbed or in various stages of the thaw-slump/recovery cycle during the critical spring thaw period; we tested the following hypotheses: (1) leachates are important stimulants to soil microbial activity and nutrient immobilization at thaw; and (2) the leachate response is enhanced in disturbed ecosystems and diminishes as ecosystems recover and organic matter accumulates. We collected soils from a variety of arctic ecosystem types and in one, from several stages of thermokarst disturbance/recovery; we incubated them through thaw with and without added vegetation leachate. We measured respiration through the incubation and soil and microbial nutrient pools and gross N mineralization at the end of the thaw incubation.
METHODS

Site Description
This study was conducted at sites representing four ecosystem types (Table 1) within 8.5 km of the Arctic long-term ecological research (LTER) site at Toolik Lake, Alaska (68.38N, 149.43W). The landscape is the gently rolling foothills of the Brooks Range, underlain by continuous permafrost. Annual average temperature is -7°C; temperatures are generally above freezing between June and August, with an average air temperature of 10°C in July, but temperatures are regularly below -30°C in winter (Shaver and others 2006) . Soil temperatures in the summer vary from 10°C at the surface to 0°C at the top of the active layer, while in winter, they average -5 to -8°C at 10-cm depth (Shaver and others 2006) . Annual precipitation is 318 mm with 43% falling as snow, and thaw (snowmelt) typically occurs in late May to early June (http://ecosystems.mbl.edu/ARC/). Three of our sampled ecosystem types represent dominant tundra communities in moist acidic 'tussock' and 'heath' tundra, and moist non-acidic 'tall shrub' tundra, previously described in detail (Shaver and Chapin 1991; Gough and others 2002) . Tussock tundra is a moderately productive system, dominated by a sedge (Eriophorum vaginatum) that forms dense tussocks of annual rhizomes that accrete over decades, interspersed with inter-tussock depressions that are poorly drained. Within inter-tussock spaces, deciduous and evergreen shrubs and mosses are present. Heath tundra is often found on exposed ridges that have shallow snow cover in winter; soils are coarse textured, rocky, and typically thaw deeply in summer. Heath tundra has a thin organic horizon and is dominated by patchy, evergreen, cryptogram vegetation. Tall shrub tundra is characterized by a shallow, loose organic horizon over gravelly soils, dominated by a tall (0.5-1 m) over story of deciduous shrubs (Betula nana and Salix glauca), and a thin understory of mosses and some forbs.
The fourth ecosystem is a thermokarst chronosequence of four retrogressive thaw slumps (RTS) at Lake NE-14 (68.68N, 149.62W). We compared these disturbed stages to the undisturbed ecosystem around the RTS chronosequence, which is low shrub moist non-acidic tundra ('undisturbed MNAT') colonized by sedges (E. vaginatum, Carex spp.), low shrubs (B. nana, Salix spp.), evergreen shrubs (Ledum palustre, Vaccinium vitis-idaea), and feather mosses. The chronosequence includes the 4 scars on the north to north-west shore characterized as age since disturbance (by 14 C dating of the moss and shrub-ring aging, Pizano and others 2014) as 5, 42, 46, and approximately 150 years, in close proximity, and ranging in size from 0.6 to 2.3 ha. The 5-year-old scar was dominated by exposed mineral soil that was bare or was covered in sparse patches of thin moss, S. glauca seedlings or mats of Equisetum ('recent mineral'). However, this recent scar also contained upright tundra peds Vegetation Leachate During Arctic Thaw (0.2 m 2 ) of vegetation that had separated from the collapsing headwall, initially rafting on the mineral slurry then becoming entrained in the solidified mineral soil. The vegetation on the upright rafts was similar to the undisturbed tundra above, with some additional colonization by grasses. We hypothesized that these organic tundra rafts ('recent rafts') may act as nutrient sources for the surrounding scar, especially at thaw.
The approximately 42-and 46-year-old scars ('intermediate') had a developing layer of organic soil, a larger range of microtopography and soil heterogeneity than undisturbed tundra, and were dominated by shrubs (B. nana and Salix spp.). These shrubs were denser and taller (up to 2 m) than those found on the surrounding undisturbed tundra. The vegetation and topography of the approximately 150-year-old scar ('old') was almost indistinguishable from the surrounding tundra and was detected only through remote sensing (Google Earth) by the shadow of the headwall and scar edge.
Soil and Litter Collection and Leachate Production
Retrogressive thaw slumps are characterized by a headwall at the top of the slope, which continues to erode for several years after the initial slump, and by a zone of deposition at the foot of the slump; this lower zone is disturbed frequently by temporary water tracks. In each thaw slump in the chronosequence, we established a transect across the most stable part of the slump that lies at the transition between the retrogressing head zone and the depositional foot zone. In March 2011, intact soil blocks (12 cm 2 9 6 cm deep, varying by organic matter depth; 5-cm deep for mineral soils) were collected from the frozen ground beneath the snow pack, using an axe and hammer. We collected five blocks each from tussock tundra, the heath tundra, the tall shrub, the four thermokarst scar transects (plus the floating tundra rafts in the recent scar), and from the undisturbed tundra above the scars (approximately 20 m away from the edge of the slump to avoid the effects of the slump on soil processes). All soils were organic with the exception of the mineral soil in the recent scar (that is the newly exposed mineral soil), and the heath tundra, which was primarily mineral soil with a thin (0.3-1 cm) organic horizon.
To make litter leachate, we collected plants and litter from the ecosystems from which soil was collected: tussock tundra, heath tundra, tall shrub tundra, and above the thermokarst scars on the undisturbed tundra. One block (0.5 m 2 ) of vegetation from the tussock, heath, and tall shrub and three blocks of vegetation from the thermokarst were clipped to the organic soil surface after gently clearing the snow blanket. We therefore collected frozen live plants, litter from the previous year and partially decomposed litter from previous years. All vegetation was bagged and returned to the field laboratory and kept frozen until leachate preparation. To make the leachate, we soaked the frozen vegetation in cold distilled water (300-400 g frozen vegetation/L) in large tubs in a 4°C fridge; the leachates fluctuated between -0.2 and +0.5°C for 4 days. We then poured the leachates through cheesecloth to remove plant material. The leachates were frozen and returned to the laboratory at the University of California Santa Barbara where they were successively filtered down to 1.0-lm pore size.
Soil Handling, Incubation, and Extraction
Soils were kept frozen throughout the subsampling process and subsampled with a large cleaver to maintain soil structure. Each frozen soil block had the live vegetation (including moss) removed with scissors and then was subsampled for bulk density and soil moisture calculations and to create six intact incubation cores: (1) two cores for measuring soil respiration through thaw, followed by C, N, and P pools at the end of thaw; and (2) two initials and (3) two final cores for measuring gross N mineralization at thaw. The duplicate cores were for leachate and water (control) additions.
Respiration cores (43 g fw) were each placed in a 125-ml glass food-canning (Mason) jar, which had a septum in the lid for gas sampling. Gross mineralization cores (10 g fw) were placed in a 50-ml centrifuge tube. We added leachate at a constant volume (instead of a constant mass), so as to not delay the start of the incubation with leachate analysis and associated constant-mass processing. Either water or the appropriate ecosystemsource-leachate was then added to each core: 10 (all organic soils), 2 (Bare mineral), or 4 (Heath) ml g -1 dw soil. Cores were then were placed in a rack in a 'cryocooler' at -10°C for 4 days; this initial period acclimatized the soil to the initial disturbance. The cryocooler was created by circulating propylene glycol in a commercial chest freezer (-20°C) with a heating pump that increased the temperature as required; temperature was controlled with the pump thermostat and confirmed with a thermometer. All cores were then incubated through thaw, from -10 to +2°C over 6 days with stepped increases by 2°C every day. Respiration was measured daily in each Mason jar (plus three leachate and water controls without soil) as CO 2 concentration in 1 ml of headspace, on a LI-820 CO 2 analyzer (LICOR, Lincoln, Nebraska, USA). At the end of the incubation, respiration cores were broken down by mixing soil and water/ leachate to form a slurry and then subsampled into several vessels for extraction with 0.5 M K 2 SO 4 (for measuring extractable NH 4 + -N, NO 3 --N, organic C, and organic N), with 0.5 M K 2 SO 4 + 1 ml CHCl 3 (for the microbial biomass C and N flush) (Fierer and Schimel 2003) , with 0.5 M NaHCO 3 (for extractable PO 4 -P), and with 0.5 M NaHCO 3 + 1 ml CHCl 3 (for the microbial biomass P flush). We did not measure organic P in the microbial biomass and assumed that this was an insignificant part of the extractable microbial P, as in other studies (Brookes and others 1982; Jonasson and others 1996; Buckeridge and Grogan 2010) .
Also at the end of the incubation, gross mineralization cores were injected with 0.3 (all organic soils) or 0.04 (Bare mineral and Heath) lg N g NH4Cl in a 4-point pattern. Water and K 2 SO 4 extracts of NH 4 + -N from these soils are significantly correlated and differ across all ecosystems by less than 5% (data not shown), so initial cores were extracted 15-20 min after injection in 40 ml cold distilled water, by shaking for 1 h in a cold room (4°C) and then filtering through 1.0-lm glass fiber filter paper. Final cores were incubated for 24 h in the cold room and then extracted with the same procedure. All extracts were frozen between collection and analysis.
Laboratory Analyses
Soil moisture content and bulk density were calculated from the difference between soil fresh weight and oven-dried weight (65°C for 48 h) for a known soil volume. Soil pH was measured on a 1:5 soil:water slurry after a 15-m settling time. Extractable organic C (EOC) and total N (ETN) contents in the salt + CHCl 3 ('fumigated') and salt ('non-fumigated') extracts and in the leachates were determined by oxidative combustion and infrared (EOC; Nelson and Sommers 1982) or chemiluminescence (ETN) analysis (TOC-TN autoanalyzer, Shimadzu, Kyoto, Japan). Extractable NH 4 + -N and NO 3 --N in non-fumigated extracts and the leachates were determined colorimetrically, using automated flow analysis (Lachat autoanalyzer) and the salicylate (NH 4 + -N), and sulphanilamide (NO 3 --N) methods (Mulvaney 1996) . Extractable PO 4 -P in the fumigated and non-fumigated extracts was determined colorimetrically, using the malachite green method adapted for a plate reader (D'Angelo and others 2001). PO 4 -P in the leachates was determined on the autoanalyzer using the molybdate assay. Microbial biomass C, N, and P flushes (MBC, MBN and MBP) were calculated as the difference between EOC, ETN, or PO 4 -P in fumigated and nonfumigated extracts. No correction factor for incomplete CHCl 3 -release was applied (Brookes and others 1982) , because the proportion recovered has not been previously assessed for these ecosystems and because our main purpose was to compare leachate additions to control, which we assume did not alter soil CHCl 3 -extractability. Extractable organic nitrogen (EON) was calculated as the difference between ETN and NH 4 + -N + NO 3 --N. The final nutrient concentration of all extracts was corrected for dilution by the water content of the sample. Subsamples of the leachates were analyzed for absorbance at 254 nm, to calculate the specific UV absorbance (SUVA; UV 254 /DOC), because SUVA is positively correlated with the chemical complexity of DOC (Weishaar and others 2003) and is therefore an indicator of microbial substrate quality. Initial and final extracts from the gross mineralization cores were diffused to capture all N as NH 3 + according to Goerges and Dittert (1998) , and the 'traps' (acidified glass fiber filter disks) were submitted to UC Davis Stable Isotope Facility for 15 N analysis on their Elementar Vario EL Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK), with appropriate standards. Gross mineralization rates were calculated according to Hart and others (1994) .
Statistical Analyses
We pooled the raw results and the statistical analysis, although not the experimental processing, of the two intermediate thermokarst scars, as we learned that they were similar ages after the experiment was complete. To assess the importance of leachate additions on thaw biogeochemistry across all ecosystems and within each ecosystem, we ran two-tailed matched pairs t tests, comparing leachate to control, for each independent variable. Because of the small sample sizes, to minimize Type II errors, we used P = 0.1 as the threshold for ''significance'' unless noted otherwise. To understand the difference between disturbed versus undisturbed ecosystem responses to leachate, we Vegetation Leachate During Arctic Thaw ran a similar two-tailed matched pairs analysis with across-groups analysis comparing disturbed MNAT and the undisturbed MNAT ecosystems (equivalent to a split-plot MANOVA). This second test provides F scores for the (a) average response to disturbance for the leachate-control pairs, and (b) the disturbance 9 leachate response across the leachatecontrol pairs. Analyses were performed in JMP 10.0 (Cary, NJ).
RESULTS
Vegetation Leachate Quality
Leachate TOC, TN, and PO 4 -P concentrations from the different vegetation types varied strongly (Table 2), but differences in element ratios were driven mostly by differences in PO 4 -P. Leachate TOC:TN ratios were similar across ecosystems (ranging between 24 and 31), with lower TOC:TN in the tall shrub leachate. In contrast to these relatively constant TOC:TN ratios, PO 4 -P concentrations varied enormously, with TOC:PO 4 -P ratios spanning from 59:1 (MNAT) to over 1000:1 (Tall Shrub; Table 2 ). The leachate made from the MNAT vegetation above the thermokarst was notably high in PO 4 -P compared to all those from MAT communities ( Table 2 ). The organic chemistry of the leachates also varied substantially as indicated by the SUVA values, with shrub the highest and tussock and MNAT the lowest (Table 2). The leachates alone, without soil, displayed low levels of microbial activity; over the 6 days of incubation through thaw, they respired 2.5-6.6% of the leachate C (0.004-0.028 mg C ml -1 6 d -1 ). Our leachates added low levels of TOC (21.7-1.4 g C m -2 ), TN (0.7-0.04 g N m -2 ), and PO 4 -P (0.13-0.003 g P m -2 ) to soils at thaw. Because of the differences in vegetation chemistry, the leachates, which were added at a constant volume to reflect what would happen in situ, varied in their relative contribution to labile soil C, N, and P stocks (that is, the summed TOC, TN, or PO 4 -P in the microbial and soil solution, plus the CO 2 -C mineralized from the soils over the course of the incubation) (Table 3) . From this proportional perspective, the MNAT leachate was high in TOC, TN, and PO 4 -P; the tussock leachate was high in in TOC and PO 4 -P but low in TN; the tall shrub leachate was high in TOC and TN but low in PO 4 -P; and the heath leachate was very low in TOC, TN, and PO 4 -P (Table 3) .
Ecosystem Pool and Process Responses to Leachate
The only element that showed significant changes in microbial pools in response to leachate additions was phosphorus. Across all the vegetated ecosystems, adding leachates increased the microbial biomass P flush; the increases were statistically significantly at P < 0.1 in the recent rafts, the old thermokarst, and the heath (Table 4 ; Figure 1 ). In these systems, essentially all the PO 4 -P that was added in the leachate was immobilized into the microbial biomass. The response in the recently disturbed mineral soil was different than in the vegetated ecosystems; extractable PO 4 -P increased with leachate addition but the MBP flush did not (Table 4 ; Figure 1 ). Neither C nor N cycling showed any measurable microbial response to leachate additions; this lack of response was consistent across all the measures of C and N dynamics and in all the soils (Table 4 ; Figure 1 ). In response to adding dissolved TOC and TN in the leachate, EOC and ETN pools increased and this occurred in all ecosystems, significantly so for EOC in the recent mineral soils and for ETN and EON in the tall shrub soils (Table 4 ; Figures 1 and  2) . Neither of the measured C or N cycling rates responded to leachate additions-that is soil respiration (C mineralization) and gross N mineralization (ammonification) (Table 4; Figure 3 ).
When the paired cores are averaged across disturbed MNAT and undisturbed MNAT ecosystems (that is regardless of ecosystem or leachate addition), the MBC flush was reduced in disturbed relative to undisturbed ecosystems, but the interaction of disturbance with leachate was not important: leachate response in soils and microorganisms was not affected by disturbance per se (Table 4) .
DISCUSSION
We proposed two alternate hypotheses about how tundra soil might respond to leachates during the critical thaw period, recognizing that these represented endpoints along a spectrum of possible responses. Either leachate would provide needed substrate to microbes, or the nutrient additions would be swamped by high background nutrient pools. Instead we found a surprising response that did not fit cleanly along this gradient. Rather than stimulating microbial activity generally (either to accelerate mineralization or immobilization), there was a much more specific response: microorganisms ignored the C and N, and selectively immobilized PO 4 -P from thaw leachate.
The selective PO 4 -P uptake at thaw raises several important questions: what is the mechanism by Recent rafts Intermediate Old P P P P P P P P P P P The last two columns represent the matched pairs statistics across disturbance group (disturbance effect, regardless of ecosystem or leachate) and the interaction of disturbance with leachate. Bold values are significant at P < 0.1. nd = not determined due to insufficient data. Independent variables are abbreviated as follows: ''MBC,'' ''MBN,'' and ''MBP'' are microbial biomass carbon, nitrogen, and phosphorus pools; ''EOC,'' ''ETN,'' and''EON'' are extractable organic carbon, total, and organic nitrogen pools; ''PO 4 -P'' is phosphate pool, ''CO 2 '' is carbon mineralization rate, ''GM'' is gross ammonium mineralization rate, and ''NO 3 -N'' and ''NH 4 -N'' are nitrate and ammonium pools.
which microbes selectively extract P from the organic compounds in the leachate? Is this driven by microbial needs (that is, P-, but not C-or N-limitation), by the nature of the material (PO 4 -P is accessible but the core organic structures are otherwise not bioavailable) or by the environmental conditions at thaw (the low temperature inhibits microbes from taking up or catabolising the leachates but not from scavenging the PO 4 -P)?
What is the significance to overall ecosystem function of this early season selective P harvesting?
Leachate Quality, Nutrient Limitation, and Microbial Opportunism
Leachate pulses are common to most ecosystems with seasonal snowmelt or precipitation, yet we know very little about the nature of these inputs. A soil microbial biomass carbon, B K 2 SO 4 -extractable organic carbon, C microbial biomass nitrogen, D K 2 SO 4 -extractable total nitrogen, E microbial biomass phosphate, and F NaHCO 3 -extractable phosphate. Open circles are leachate-added, black circles are control (water-added). Error bars are ±one standard error. Significant two-tailed matched pairs statistics for leachate effect on each ecosystem and across all ecosystems are indicated by symbols: + P < 0.1, *P < 0.05, **P < 0.01.
Our leachate additions of TOC, TN, and PO 4 -P were small, but they could be substantial relative to the pools of labile nutrients that directly drive microbial activity. We estimated this total labile pool as the pre-leachate EOC, ETN, or PO 4 -P in the microbial biomass flush plus the soil extractable pool, and for C, included the mineralized CO 2 . On average, the leachate addition was equivalent to 50% of the labile C, 14% of the N, and 31% of the PO 4 -P; the leachates were, thus, relatively PO 4 -P-rich. We did not measure available organic P pools in the leachates or in these soils, which are often larger than inorganic P pools in tundra ecosystems (Giblin and others 1991; Gough and others 2002; Giesler and others 2012) , so we are undoubtedly underestimating the proportion of P in both, and therefore may be over-or underestimating the relative proportion of P in the leachate compared to the soil. With this in mind, across the landscape, leachate values varied strongly, as both the proportion of pre-leachate labile nutrient pools (3-248%) and the stoichiometry of the addition (Table 3 ). The TOC:TN and TOC:PO 4 -P ratios of the added leachates were low (that is, low TOC), given the C:N and C:P of litter in arctic ecosystems, which falls in the range of 50-150 (C:N) and 1100-3500 (C:P) (Aerts and others 2012), indicating that vegetation and litter disproportionately release TN and PO 4 -P with snowpack thaw, assuming that our . Microbial activity in disturbed and undisturbed tundra ecosystems during a manipulated thaw with and without leachate addition: A soil cumulative CO 2 -C mineralization over a 6-day thaw, and B gross NH 4 + -N mineralization at the end of a 6-day thaw. Open circles are leachate-added, and black circles are control (water-added). Error bars are ±one standard error.
Vegetation Leachate During Arctic Thaw leachate preparation adequately mimicked this process. Microbial acquisition of nutrients has been modeled in terms of critical ratios (Sterner and Elser 2002; Manzoni and others 2008) that are based on microbial nutrient uptake to support growth; critical ratios are regulated by the stoichiometry of C:N:P in proteins, DNA, ATP, and phospholipids. Although the leachates were relatively TN-rich compared to TOC (they had a lower TOC:TN than soil extractable pools), they were even relatively more PO 4 -P-rich, frequently containing more PO 4 -P than TN relative to extractable soil pools (Table 3) . MBN:MBP and MBC:MBP values were about 5-20 (N:P) and about 100-400 (C:P) in the thermokarst and over 1000 in the shrubby thermokarst and outside the thermokarst, large ranges that are consistent with fluctuating microbial stoichiometry at thaw (Buckeridge and Grogan 2010) . However, in most of the cores, MBC:MBP and MBN:MBP ratios declined with the addition of leachate. Selective PO 4 -P uptake despite relatively low amounts of ETN further implies that soil microbes are either strongly P limited during thaw or strongly opportunistic about pulsed nutrient acquisition.
Microbes may be opportunistic when it comes to nutrient uptake. In soil, for microbes to access P, it has to be hydrolyzed off a phosphate ester with phosphatase, which is then readily available for microbial uptake. Acquiring C and N is more biochemically involved than acquiring P, requiring more extracellular enzymes to break up organic polymers and release C-and N-containing monomers that can be taken up, and then complex cellular pathways are required to metabolize those monomers. By adding leachates, we provided a substantial pool of inorganic N and P that bypassed the extracellular enzyme release stage, with the inorganic N:P ratio of about 0.5. Therefore, the preferential uptake of P over N in typically N-limited systems may imply that N processing is more temperature sensitive, preventing N uptake and allowing P uptake for future use. However, very cold soils have temperature-compromised diffusion rates, such that nutrients are not as available as their concentrations imply, and there was simply more inorganic P available in these soils, and more so after leachate additions. P may not have been limiting growth or activity; however, the ability of microbes to store P as polyphosphates for future use (that is, luxury consumption) appears to be widespread (Achbergerova and Nahalka 2011) , and a common mechanism to deal with environmental stress and an inconsistent nutrient supply: typical life in tundra soil. Therefore, variation in microbial P uptake across the landscape may be in part a result of the physiological capacities of the different microbial communities in these ecosystems (Wallenstein and others 2007) . Regardless of mechanism, this P store in the thaw microbial biomass may be an important microbial repository or mycorrhizal exchange of P for plants at a time of year when they cannot access P from frozen mineral soil.
A number of recent studies recognize that tundra ecosystems may be N and P co-limited, or just P limited (Giesler and others 2012; Zamin and Grogan 2012; Sundqvist and others 2014) . Our leachate addition did not allow us to characterize nutrient limitation per se, and we did not see final evidence of nutrient limitation (that is, increase in MBC or microbial CO 2 ). However, our experiment was short, with temperature conditions that may not support rapid anabolism, and microbial uptake of P may be a precursor to microbial growth. Although the MBP flush in all vegetated ecosystems responded positively to leachate additions (Figure 1 ), this response was strong and significant (P < 0.1) in the tundra rafts of the recent thermokarst, the old thermokarst, and the heath ecosystem (Table 4) . These three leachates had the lowest TOC:PO 4 -P ratios, and the MNT leachate had a high PO 4 -P concentration. The response from the Heath ecosystem was surprising; given the relatively low PO 4 -P addition provided by the Heath leachate, this ecosystem may be N and P co-limited (Gough and others 2002) , and perhaps more P limited at thaw. N and P availability in soils fluctuate seasonally (Weintraub and Schimel 2005; Buckeridge and Grogan 2010; Weintraub 2011) , such that N and P limitation of microbes and plants may be uncoupled (Sundqvist and others 2014) and asynchronously dominant throughout the year. P availability in permafrost soils is largely driven by recycling of soil and plant litter organic P (Chapin and Bloom 1976; Giblin and others 1991) ; microbial nutrient limitation may alter plant nutrient limitation, as the soil microbial biomass is a large repository of available nutrients, and microbial turnover (death and release of cytoplasmic nutrients) can offer pulses of labile nutrients for plant uptake throughout the year (Schimel and others 2007) . Whether limitations to microbial growth or opportunism control microbial uptake, our results suggest that thaw is an important period of microbial P retention from decaying and physically distressed plant litter under a melting snowpack.
The Impact of Disturbance on Leachate Response
Disturbed ecosystems are expected to retain limiting nutrients strongly, reducing the export of these nutrients (Vitousek and Reiners 1975) . This theory was developed to consider net ecosystem losses over successional time and is based on the vegetation recovering and regrowing, taking up nutrients and supplying C to soil microbes that can immobilize nutrients. More temporally refined models have suggested that disturbed ecosystems lose their N-P synchrony upon disturbance, as N is more readily exported than P, so that ecosystem recovery is associated with fluctuating microbial and plant stoichiometric constraints and N and P limitation (Rastetter and others 2013) . Therefore, our second hypothesis was that we would see larger nutrient retention after initial disturbance and that this would diminish as ecosystems recover and organic matter accumulates. Specifically, we envisioned early retention of C in the recently disturbed soils without an organic horizon, and high retention of N and P to compensate for enhanced aboveground biomass in the intermediate stages of recovery (Pizano and others 2014) . Instead we saw that thaw leachate did not promote C or N retention by microbes in recently disturbed ecosystems, that all vegetated ecosystems retained P, and that this landscape-wide pattern was not shifted by disturbance. Thaw is in itself a stressful period for soil microorganisms. It is possible that this annually repeated disturbance masks biogeochemical and microbial differences that may exist in response to long-term disturbance history.
Thaw Leachate, Winter Decomposition, and DOM Export
We collected vegetation and litter to make leachate, while the material was frozen during the winter. Yet, although material is frozen, decomposition continues through the winter-in fact winter mass loss can dominate annual litter mass loss (Hobbie and Chapin 1996) , and control long-term species mass loss patterns (McLaren and others unpublished). However, it is unclear what the patterns and processes that drive winter mass loss are, and how this may affect the chemistry of litter to be leached at snowmelt. By adding the leachate from this vegetation to local or downslope (thermokarst) soils, we are providing estimates of the potential for retention or export of the leachate C, N, and P from over-winter microbial decomposition and physical nutrient release, assuming that surface (that is, 0-5 cm) soil solution pools are available for export as ecosystems thaw (Hobbie and Chapin 1996) . The quantity of C, N, and P in our leachates was, not surprisingly, higher than that typically recorded downstream (Balcarczyk and others 2009; Townsend-Small and others 2011) . We believe that our leachates should reasonably mimic the natural leachates in upland terrestrial systems, similar to what would occur under a saturated snowpack during thaw. This suggests that local soil receives a much higher nutrient load at thaw than the already high load deposited in aquatic systems at this time, and that only the P is retained from these leachates. We suspect that the C and N in these leachates would have a much stronger impact on microbial activity at riparian systems or after sufficient photolysis en route to riparian systems (Yavitt and Fahey 1986) , and may have some impact on downstream terrestrial systems where thaw water collects for longer periods of time under warmer temperatures (Duan and others 2014) . As a result of the strong retention of P, we conclude that downstream export from vegetation and litter leachate is dominated by C and N, except for the minimally processed exports from the recently disturbed mineral soils.
CONCLUSIONS
Leachate made from frozen vegetation and litter in four Arctic ecosystems was added to frozen soil cores from disturbed and undisturbed ecosystems and incubated through thaw. We hypothesized (a) that the leachate C and N would stimulate microbial activity at thaw and (b) that the response would be stronger in recently disturbed systems where pools or organic material have been stripped away than later in system recovery when organic soil layers were recovering. Instead of the expected positive C and N response, all vegetated soils responded to leachate with enhanced microbial P uptake. C and N remained in solution at the end of thaw, and gross N mineralization and microbial respiration were not stimulated by leachate addition. The selective uptake of PO 4 -P was not associated with disturbed or undisturbed ecosystems, although microbes in the recently disturbed, bare mineral soil did not respond positively to PO 4 -P like the vegetated ecosystems. It remains unclear whether the selective PO 4 -P uptake in the vegetated systems reflects limitation, and as such a microbial preference for P over C or N at thaw, or, alternatively, the capacity of microbes to access PO 4 -P more than C or N at this time of year and store it for future use.
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